Abstract-In this paper, we investigate the application of simultaneous wireless information and power transfer (SWIPT) in a full-duplex relay network, where the relay node is wirelessly powered by harvesting a portion of the received signal power from the source node. Different from existing work that has employed time-switching-SWIPT, we propose to use power-splitting-SWIPT. As a result, our proposed approach gives rise to a truly full-duplex relay network, where the information reception and transmission take place simultaneously at the relay node all the time. This more thorough exploitation of the full-duplex feature consequently leads to a significant capacity improvement, compared with existing alternatives in the literature.
I. INTRODUCTION
Green wireless communications has been an attractive research area in recent years. It provides promising solutions for communication systems, such as wireless sensor networks and cellular networks. Among the technologies being studied, energy harvesting (EH) has the potential to significantly extend the lifetime of battery-powered devices and, in some cases, to eliminate the necessity of batteries. Besides traditional EH from sources, such as solar, wind, vibration, and heat, a new solution exploits the energy carried by radio-frequency (RF) signals.
In the meantime, it is recognized that both energy and information are carried by the same wireless signals. Therefore, the technology of simultaneous wireless information and power transfer (SWIPT) was proposed [1] . In [2] , the study of fundamental tradeoffs in SWIPT was extended to frequency-selective channels. In the literature, SWIPT schemes can be classified into two categories. In one category, the receivers are assumed to be able to extract information and to harvest energy from the received signal simultaneously [1] , [2] . However, practical circuits for EH from wireless signals are not yet able to directly process the information carried by the signals [3] . This triggers the study of the other category, in which the receivers adopt time switching (TS) or power splitting (PS) to coordinate the information processing (IP) and the EH. Part of the time or power of the received signal is allocated to IP, and the remaining part is used for EH. SWIPT has been successfully applied at energy-constrained relay nodes that harvest the energy of the received wireless signals. These types of relay nodes operate mainly or exclusively based on the harvested energy. This topic has been well investigated in the academia [4] . TS-based relaying and PS-based relaying are two prevalent types of schemes. Each transmission cycle through the relay node is divided into two phases. In the first phase, the relay node receives signals from the source node with SWIPT, in either the TS or PS manner. In the second phase, the relay node forwards the signals to the destination node with energy harvested in the first phase.
Although existing work has mainly focused on half-duplex relaying, with the advancement in self-interference cancelation techniques [5] - [7] , full-duplex relay networks are gaining increasing interest due to the significant performance advantages over half-duplex ones [8] . A TS-based full-duplex relaying (FDR) scheme was proposed in [9] and later extended in [10] . We term this scheme as TS-FDR-I in the rest of this paper. In this scheme, each transmission cycle T is divided into two phases by a TS factor α ∈ [0, 1]. The source-to-relay (S-R) link is used for EH in the first phase, i.e., t ∈ [0, αT ), and for IP in the second phase, i.e., t ∈ [αT, T ). During the second phase, the relay node not only receives information from the source node, but also forwards information to the destination node simultaneously. In [11] , another full-duplex EH-relaying scheme, termed TS-FDR-II in this paper, was proposed with equally divided phases. Different from TS-FDR-I, TS-FDR-II uses the S-R link for IP in the first phase and for EH in the second phase. Hence, the loopback self-interference becomes beneficial to the network. These full-duplex schemes utilize the spectral resource in a more efficient manner compared with half-duplex ones. Nevertheless, we observe that the relay node in all these full-duplex schemes can only transmit and/or receive information during a fraction of each transmission cycle. Therefore, we attempt to further improve the relaying efficiency by fully exploiting the full-duplex feature via PS-SWIPT.
More specifically, we propose a PS-based FDR (PS-FDR) scheme, in which the relay node simultaneously transmits and receives signals all the time, leading to a truly full-duplex information transfer. This is achieved by coordinating EH and IP via PS. We compare our proposed PS-FDR with TS-FDR alternatives in existing work under realistic settings, and the simulations demonstrate the capacity improvement of our proposed PS-FDR with the PS factor in most of the possible range. Our main contributions lie in the following three aspects.
1) To the best of our knowledge, we are the first to apply PS-SWIPT to EH full-duplex relay networks. The resultant relay-node operation is truly full-duplex such that uninterrupted information flow is maintained on both S-R and relay-to-destination (R-D) links simultaneously all the time. This is to be contrasted with existing TS alternatives, in which IP and EH share the time span of a transmission period. 2) We investigate the optimum PS factor with various loopback interference levels. The quasi-convexity of the optimization problem is proved. Additionally, the closed-form optimal PS 0018-9545 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information. factor is derived when the residual self-interference channel gain is sufficiently small. 3) We derive the ergodic capacity of our proposed PS-FDR and investigate the influence of the loopback interference by simulations. The rest of this paper is organized as follows. Section II introduces the system model of our proposed PS-FDR scheme. The optimization of the PS factor is discussed in Section III. Then, the ergodic capacity of the relay network is derived in Section IV. Simulations and corresponding discussions are presented in Section V to verify the correctness of the derivation and the capacity enhancement of the proposed scheme over existing TS-based alternatives. Finally, Section VI concludes the paper.
II. SYSTEM MODEL
As shown in Fig. 1 , in this correspondence, we investigate an EH relay network, where the relay node operates in full-duplex amplifyand-forward (AF) mode. It receives signals from the source node and forwards the amplified signals to the destination node simultaneously. At the relay node, the received signals are split according to a power ratio of ρ : (1 − ρ) for IP and EH, respectively. The harvested energy is transferred to the battery for temporary storage and then used to power the transmission circuit.
The differences between our proposed scheme and the existing fullduplex EH-relaying schemes in the literature are depicted in Fig. 2 . The major advantage of our proposed PS-FDR scheme is that both EH and information transmission are active for the entire transmission cycle because PS is employed instead of TS. In TS-FDR-I and TS-FDR-II, as shown in Fig. 2(a) and (b) , respectively, the information transmission on both the S-R and the R-D links is only performed in one of the two phases in each transmission cycle. In our proposed PS-FDR scheme, however, it is performed continuously all the time, as shown in Fig. 2(c) . Although a portion of the received power at the relay node is split for EH, the overall capacity from the source node to the relay node will still benefit from the change from TS to PS, as the linear capacity gain from longer transmission time outweighs the logarithmic loss caused by PS because the SNR at the relay node is typically large in practical scenarios.
Note that the investigated relay node relies entirely on the harvested energy to forward signals to the destination node, and thus the transmit power at the relay node equals to that harvested from the received signals.
The channel between the source node and the relay node is denoted by h S R and that between the relay node and the destination node is denoted by h R D .
The received signal at the relay node is
where x R denotes the transmit signal at the relay node as
and y IP is the portion of the received signal that is split for IP. The noise introduced by the receive antenna at the relay node, termed as the antenna noise, is represented by w A and the processing noise, which is caused by the RF-to-baseband conversion, is represented by w P [4] . β is the scaling factor at the AF relay node. In this paper, we study the AF relaying with fixed β [12] . The value of β is determined according to
where y E H represents the signal for EH at the relay node and ξ the energy harvesting efficiency. This means, on average, the transmitted energy equals the harvested energy. Therefore, the relay node could operate without extra power sources. 1 The received signals for IP and EH are
and therefore, that they are split by a power ratio of ρ :
, which plays a similar role as the TS factor α in TS-FDR-I. We can see from Fig. 1 that part of the power transmitted by the full-duplex relay node is harvested back in the form of loopback self-interference.
The received signal at the destination node is
where w D is the noise at the destination node. Now, we derive the amplification factor β that satisfies the power constraint in (3). The required transmit power at the relay node given the amplification factor β is
and the power available for EH is
By substituting (7) and (8) into (3), we obtain β as
where the approximation is based on the assumption that the processing noise power is negligible compared with the power of the received signal at the relay node.
III. POWER SPLITTING FACTOR OPTIMIZATION
The PS factor plays an important role in the performance of the network. Therefore, optimizing ρ could significantly improve the system performance. This optimization problem is formulated as maximizing the signal-to-interference-plus-noise ratio (SINR) at the destination node, namely
To derive the expression of γ S D , we first analyze the power of the received signal at the destination node as (11) , shown at the bottom of the page.
With the β obtained in (9) , the SINR at the destination node can be presented as (12) , shown at the bottom of the page.
Proposition 1: The source-to-destination SINR γ S D is quasiconcave with respect to the PS factor ρ.
Proof: Letγ S D denote the denominator of γ S D in (12) . We have
It is obvious that
is a decreasing function for x > 0. Since composition with a decreasing function preserves quasiconcavity, γ S D is quasiconcave with respect to ρ ∈ (0, 1).
Proposition 1 guarantees that the optimal ρ that achieves the maximum γ S D can be obtained efficiently by well-known one-dimensional (1-D) search methods, such as the bisection method, the gradient descent method, and Newton's method [14] .
Proposition 2: The optimal PS factor is
when the residual self-interference channel gain is sufficiently small.
Hence, to solve for the optimum ρ, we set
The optimum ρ is obtained by solving (15) as
Since, in practice, σ P and σ D are similar in order of magnitude, and 0 < |h R D | 1 and 1/ √ ξ > 1, it is obvious that 0
optimal PS factor is ρ * = ρ 1 when the residual self-interference channel gain tends to 0.
Proposition 2 provides a closed-form solution of the optimal PS factor when the self-interference can be effectively mitigated to a certain extent. This theoretical observation is also verified in Section V-A through simulations.
IV. ERGODIC CAPACITY
We analyze the performance of the PS-FDR network by deriving the ergodic capacity from the source node to the destination node. It is defined as
We assume that the channel responses h S R , h L I , and h R D are independent Rayleigh. Let f X denote the probability density function (pdf) of a random variable X. Assuming all the channels are Rayleigh fading channels, |h S R | 2 follows the exponential distribution, and we letη S R denote its mean. The pdf of |h S R | 2 is f |h S R | 2 (x) = 
Due to the complexity of the expression in (21), it is mathematically intractable to derive a closed-form solution. In order to evaluate the performance of our proposed PS-FDR in an analytical manner, in the following, we consider a mathematically tractable special case, which represents the scenario where the source and relay nodes are stationary and the destination node is mobile.
Proposition 3: Given that h SR and h LI are static, and h RD follows Rayleigh fading, the ergodic capacity can be obtained in closed form as in
Proof: The channel gain |h R D | 2 is the only random variable under such assumptions. Therefore
By looking up the table [15, 3.352.4] , it is straightforward to obtain (24) with some mathematical manipulations.
V. SIMULATIONS

A. Verification and Discussions
The purpose of this set of simulations is to validate the correctness of the ergodic capacity expression (24) and to investigate the characteristics of our proposed PS-FDR scheme. The transmit power is set to 30 dBm, |h S R | 2 = −60 dB, E[|h R D | 2 ] = −20 dB, and the EH efficiency ξ = 90%. Noise power at the relay node and the destination node is set as σ In our simulations, the intensity of the loopback interference channel |h L I | 2 varies from −85 to −15 dB. This is chosen as a pragmatic range because the loopback interference without self-interference cancelation is approximately −15 dB [11] and practical self-interference cancelation can already suppress the loopback interference by 70 dB or more [7] . The results are presented in Fig. 3 , from which we can observe that with different values of the PS factor ρ, the average capacity obtained by simulations are perfectly aligned with the ergodic capacity we derived.
In Fig. 3 , it seems that the ergodic capacity is monotonically increasing while |h L I | 2 is decreasing, and it begins to plateau when the loopback interference intensity is lowered to around −60 dB. In (12) that their relationship is monotonic. Intuitively, however, there should be a nonzero optimal |h L I | 2 for our proposed scheme, since the system could benefit from the loopback interference as it is also a source of EH. This is to be contrasted with FDR without EH, where loopback interference is absolutely undesirable. The counterintuitive results are caused by the approximation made in (9) , which assumes that the power of the received signals at the relay nodes is much larger than that of the processing noise for practical networks. In this case, the power harvested from the loopback interference is simply too little to overcome its unfavorable effect, namely, the SINR degradation at the relay node.
Another interesting phenomenon is that the optimal ρ varies with the residual self-interference channel gain. The solid curve in Fig. 4 shows the optimal ρ that maximizes the source-to-destination capacity at different loopback interference levels under the same channel conditions. Larger ρ leads to better performance when the loopback interference is strong. This is because the relay node prefers to allocate more power to the IP part in order to resist the effect of loopback interference. In systems where the self-interference mitigation is more effective, the loopback interference after cancelation is weaker. Hence, allocating more power to EH translates to higher transmission power at the relay node, which in turn improves the SINR at the destination node. This improvement outweighs the loss in the received SINR at the relay node. Therefore, smaller ρ becomes more desirable in the case with weak residual self-interference.
The dashed line in Fig. 4 represents the the closed-form optimal ρ derived under the condition of sufficiently small residual self-interference channel gain in Proposition 2. As shown in the figure, it is almost the same with the solutions obtained by the numerical algorithm when the residual self-interference channel gain is smaller than −50 dB, which can be achieved by existing self-interference mitigation methods [13] . Therefore, the complexity of FD EH relay nodes in practical networks can be further reduced because the 1-D search for the optimal ρ is no longer necessary if the self-interference mitigation is reasonably effective.
B. Comparisons
In this set of simulations, we compare the performance of our proposed PS-FDR scheme with that of TS-FDR-I [9] and TS-FDR-II [11] . We set the simulation parameters as P S = 30 dBm and E[|h SR | 2 ] = E[|h RD | 2 ] = −60 dB. All the channels follow Rayleigh fading and the noise power is set as the same in Secion V-A. Note that TS-FDR-II performs better when the loopback interference is stronger, whereas TS-FDR-I and PS-FDR perform better when that is weaker. For the sake of fairness, the loopback interference is set to −15 dB for TS-FDR-II and −60 dB for TS-FDR-I and PS-FDR. Both the TS factor α in TS-FDR-I and the PS factor ρ in PS-FDR are optimized for each channel realization. The optimal ρ is obtained according to the closed-form solution in Proposition 2. As shown in Fig. 5 , our proposed scheme PS-FDR performs much better than the TS based alternatives uniformly with all the values of the EH efficiency ξ.
VI. CONCLUSION
In this paper, we introduced SWIPT with PS into the study of full-duplex relay networks. The high spectrum efficiency of FDR scheme is exploited. Combined with the SWIPT technology, we achieved sustainable operation of the relay node. PS, instead of TS in existing related works, is employed in our proposed scheme. Hence, truly full-duplex operation can be achieved in the entire transmission cycle. Compared with existing state-of-the-art EH-relaying schemes, our proposed scheme significantly improves the sourceto-destination ergodic capacity, as verified by theoretical analysis and simulations.
